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Abstract  15 
Mg/Al/Ce layered double hydroxides (LDHs) intercalated with carbonate and hydroxide anions 16 
were synthesized using co-precipitation and sol-gel method. The obtained materials were 17 
characterized by thermogravimetric (TG) analysis, X-ray diffraction (XRD) analysis, fluorescence 18 
spectroscopy (FLS) and scanning electron microscopy (SEM). The chemical composition, 19 
microstructure and luminescent properties of these LDHs were investigated and discussed. The Ce3+ 20 
substitution effects were investigated in the Mg3Al1-xCex LDHs by changing the Ce
3+ concentration 21 
in the metal cation layers from 0.05 to 10 mol%. It was demonstrated, that luminescence properties 22 
of cerium-substituted LDHs depend on the morphological features of the host lattice. 23 
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1. Introduction 33 
Layered double hydroxides (LDHs) are compounds composed of positively charged brucite-like 34 
layers with an interlayer gallery containing charge compensating anions and water molecules. The 35 
metal cations occupy the centres of shared oxygen octahedra whose vertices contain hydroxide ions 36 
that connect to form infinite two-dimensional sheets (Jayaraj et al., 1999; Klemkaite et al., 2011; Bi 37 
et al., 2014; Wu et al., 2016). A general chemical formula of an LDH can be expressed as [M2+1-38 
xM
3+
x(OH)2]
x+(Ay-)x/y·zH2O, where M
2+ and M3+ are divalent and trivalent metal cations and Ay− is 39 
an intercalated anion which compensates the positive charge created by the partial substitution of 40 
M2+ by M3+ in a brucite-type M2+(OH)2 hydroxide. The anions in the interlayer are not strictly 41 
limited to their nature. LDHs with many different anionic species have been reported: both 42 
inorganic anions (carbonate, chloride, nitrate, sulphate, molybdate, phosphate etc.) and organic 43 
anions (terephthalate, acrylate, lactate, etc.) (Miyata et al., 1983; Newman and Jones, 1998; 44 
Jaubertie et al., 2006; Klemkaite-Ramanauske et al., 2014; Kuwahara et al., 2016). The commonly 45 
found cations are Mg2+, Zn2+, Co2+, Ni2+, Cu2+ or Mn2+ as divalent cations and Al3+, Cr3+, Co3+, 46 
Fe3+, V3+, Y3+ or Mn3+ among the trivalent ones. 47 
After calcination at temperatures from 300 to 600°C, an LDH is converted to the mixed metal 48 
oxides (MMO) with high specific surface area and basic properties. An ability of MMO to recover 49 
the original layered structure is a property known as „memory effect” (Rives et al., 2001; Klemkaite 50 
et al., 2011; Cosano et al., 2016). When MMO is immersed into an aqueous solution which contains 51 
some anions, the layered structure can be recovered with those anions intercalated into the 52 
interlayer. A more irregular structure of agglomerated flake-like platelets or amorphous phase have 53 
been observed after such a reconstruction (Alvarez et al., 2013; Mascolo, 2015).  54 
LDHs have a well-defined layered structure within nanometre scale (0.3-3 nm) interlayer and 55 
contain important functional groups in both the metal hydroxide layers and interlayers. LDHs are 56 
widely used in commercial products as adsorbents, catalyst support precursors, anion exchangers, 57 
acid residue scavengers, flame retardants, osmosis membranes, sensors (Salak et al., 2012; Carneiro 58 
et al., 2015; Li et al., 2016; Lu et al., 2016; Serdechnova et al., 2016). The formation and 59 
exploitation of new types of layered double hydroxide (LDH)/polymer NC hydrogels with high 60 
performance has been also investigated (Hu and Chen, 2014). Moreover, the LDHs have an HCl 61 
absorption capacity, and may be used as PVC thermal stabilizer (Liu et al., 2008). Recently, 62 
considerable attention has been focused on incorporating rare earth elements into LDH host layers 63 
to develop new functional materials, which resemble designed optical properties (Binnemans, 64 
2009). LDHs doped with Tb3+ ions in the brucite-like layers were prepared by a simple one-step co-65 
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precipitation method. When 4-biphenylacetate anions were intercalated in the interlayer space, a big 66 
amount of Tb3+ up to about 19 wt.% was incorporated in the oxygen octahedral layers of the LDH. 67 
The luminescence study indicated that energy transfer from the excited state of the intercalated 68 
anion guest molecules to Tb3+ centres in the host layers takes place (Gunawan and Xu, 2009). The 69 
samples (both as-prepared and calcined) containing Tb3+ exhibited green fluorescence (William et 70 
al., 2006). Nanosize LDHs doped with Eu3+, Yb3+, Tb3+ and Nd3+ were prepared through the 71 
microemulsion method (Posati et al., 2012, Vicente et al., 2016). It was concluded that the 72 
lanthanide content in the LDH samples depends on the ionic radius of the lanthanide cation and on 73 
fabrication conditions. Eu3+ and Nd3+ were incorporated also into hydrocalumite and mayenite 74 
(Domínguez, 2011). The Zn/Al/Eu LDHs were reported as perspective and efficient luminescent 75 
materials (Zhang et al., 2014; Gao et al., 2014).  76 
Rare earth doped luminescent materials have drawn increasing attention as potential phosphor 77 
materials for use in optical devices (Maqbool et al., 2006; Maqbool et al., 2007; Stanulis et al., 78 
2014; Zabiliute et al., 2014; Skaudzius et al., 2016). The rare-earth metal ions offer the possibility 79 
of obtaining blue, green and red colours, which are necessary for RGB devices (Okamoto et al., 80 
1988; Katelnikovas et al., 2012). The organic-inorganic hybrid phosphors have been designed and 81 
assembled by the intercalation of salicylic acid, as sensitizer, into the layered lanthanide hydroxides 82 
with the compositions of Gd/Tb/Eu/OH/NO3/H2O through ion-exchange reaction under 83 
hydrothermal condition (Liu et al., 2013). The luminescence colour of a rare-earth doped LDH can 84 
be easily tuned from green to red due to the energy transfer from the Tb3+ to Eu3+ ions by changing 85 
the doping concentration of the activator ions. Luminescent ordered multilayer transparent ultrathin 86 
films based on inorganic rare earth elements doped layered double hydroxides Mg/Al/Eu 87 
nanosheets and organic ligand were recently fabricated via layer-by-layer assembly method (Zhang 88 
et al., 2016).   89 
Vargas et al., 2013, has reported a doping of the layers of a Zn/Al LDH with Dy3+ ions. 90 
Photoluminescence spectra of the nitrate intercalated LDH showed a wide emission band with 91 
strong intensity in the yellow region (around 574 nm), originated from symmetry distortion of the 92 
octahedral coordination in dysprosium centres. The emission spectra of Ce-doped different 93 
inorganic matrixes are often characterized by a broad emission band with quite symmetric 94 
photoluminescence peak at around 530 nm, which is assigned to the 5d1 (2A1g) → 4f
1 (2F5/2 and 95 
2F7/2) transitions of Ce
3+ (Katelnikovas et al., 2007; Katelnikovas et al., 2008; Katelnikovas et al., 96 
2011; Misevicius et al., 2012; Katelnikovas et al., 2013). Cerium-doped hydrotalcite-like precursors 97 
were recently synthesized by co-precipitation method (Tamboli et al., 2015). However, these 98 
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compounds were studied only as efficient catalysts for hydrogen production. In this work, the LDHs 99 
with the metal cation composition of Mg3Al1-xCex (with the Ce
3+ substitution rate from 0.05 to 10 100 
mol%) were synthesized using co-precipitation and sol-gel method. The main aim of this study was 101 
to investigate an effect of Ce3+ substitution on crystal structure of the obtained layered double 102 
hydroxides and estimate the maximal cerium-to-aluminium substitution rage. The luminescent 103 
properties of the Mg3Al1-xCex LDH samples were also investigated in this study for the first time to 104 
the best our knowledge. 105 
 106 
2. Experimental 107 
2.1. Synthesis by co-precipitation method 108 
LDH samples were synthesized by adding a mixture of Mg(NO3)2
.6H2O and Al(NO3)3
.9H2O 109 
(with molar ratio of 3:1) drop by drop to the solution of NaHCO3 (1.5 M). pH of the resulting 110 
solution was measured and kept at 8-9 using NaOH (2 M) under continuous stirring. To separate the 111 
slurry from the solution, the mixture was centrifuged at 3000 rpm for 2 min. The precipitated LDH 112 
was washed with distilled water and centrifuged again. Process was repeated three or four times 113 
depending on the sample. The formed LDH was dried at 75-80°C for 12 h. The mixed-metal oxide 114 
(MMO) was achieved by heat treatment at 650°C for 4 h. Synthesis of Mg/Al/Ce compounds was 115 
performed in the same way as Mg/Al LDH, keeping the pH of the solution about 10 during the 116 
synthesis and using Ce(NO3)3·6H2O as cerium source.  117 
2.2. Synthesis by sol-gel method 118 
The Mg/Al and Mg/Al/Ce LDH samples were synthesised from solutions of the same reagents as 119 
those used in the co-precipitation method. The metal nitrates were dissolved in 50 ml of distilled 120 
water, then a 0.2 M citric acid solution was added and the mixture was stirred for 1 h at 80°C. At 121 
the next step, 2 ml of ethylene glycol have been added to the resulted mixture with continues 122 
stirring at 150°C until the complete evaporation of solvent. The obtained gel was dried at 105°C for 123 
24 h. The MMO was obtained by calcination of the gel at 650°C for 4 h.  124 
2.3. Rehydration/Reconstruction 125 
The MMO powders obtained by co-precipitation and sol-gel methods followed by heat treatment 126 
at 650°C were reconstructed in water at 50°C for 6 h under stirring (2 g of the powder per 40 ml of 127 
water). The commercial hydrotalcite PURAL MG63HT powder (Brunsbüttel, Germany) which is 128 
chemically a Mg3Al LDH intercalated with CO3
2- was also analysed for comparison. 129 
2.4. Characterization  130 
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X-ray diffraction (XRD) patterns were recorded using a MiniFlex II diffractometer (Rigaku) in 131 
Cu Kα radiation in the 2θ range from 8 to 80° (step of 0.02°) with the exposition time of 0.4 s per 132 
step. Rietveld analysis of the XRD data was performed using the PANalytical HighScore Plus suite. 133 
Thermal analysis was carried out using a simultaneous thermal analyser 6000 (Perkin-Elmer) in air 134 
atmosphere at scan rate of 10°C/min over the temperature range of 30°C to 900°C. Excitation and 135 
emission spectra were recorded on an Edinburg Instruments FLS 900. Morphology of the LDH 136 
powders was investigated using a scanning electron microscope (SEM) Hitachi SU-70. The Fourier 137 
transform infrared (FT-IR) spectra were recorded using Perkin-Elmer spectrometer from the LDH 138 
samples dispersed in KBr and pressed into pellets. 139 
 140 
3. Results and discussion  141 
The XRD pattern of the Mg/Al LDH synthesized by co-precipitation method was found to be 142 
essentially similar to that of the commercial hydrotalcite PURAL MG63HT. Three basal reflections 143 
typical of an LDH structure were observed: at 2q of about 10° (003), 23° (006) and 35° (009). 144 
Besides, two characteristic LDH peaks were clearly seen at about 60.2° and 61.5° which correspond 145 
to the reflections from the (110) and (113) planes. Evidently, that only amorphous Mg-Al-O gel has 146 
formed during the sol-gel preparation of LDH. 147 
As seen from Fig. 1, increasing amount of cerium results in a monotonic decrease of the intensity 148 
of these diffraction peaks. In addition, the reflections are shifted to a lower 2θ range. The observed 149 
shift of the (110) and (113) reflections certainly suggests incorporation of this lanthanide ion in 150 
metal hydroxide layers of the LDHs prepared by co-precipitation. At the same time, the broad 151 
diffraction peaks that can be attributed to a CeO2 phase are seen in the patterns of the LDHs with a 152 
non-zero Ce content (Fig. 1). Intensities of these peaks slightly increase with increasing the nominal 153 
Ce content indicating that although the Al-to Ce substitution rate grows, the difference between the 154 
nominal and actual rate grows as well.  155 
Thermal treatment of an LDH at elevated temperatures results in loss of interlayer water 156 
molecules, charge-compensating anions and dehydroxylation of brucite-like layers. Mg/Al LDH 157 
decomposes followed by formation of MMO with the a rock-salt like magnesium oxide as the only 158 
crystalline phase (Fig. 2) with Al atoms randomly dispersed throughout the solid, that is often 159 
described as an Mg(Al)O phase (Zhao et al., 2012).  160 
The XRD patterns of the Mg3Al LDHs (including the Ce-substituted ones) fabricated by co-161 
precipitation method and calcined at 650°C are shown in Fig. 3. The formation of poorly crystalline 162 
magnesium oxide is evident in all cases. However, the XRD patterns of the samples containing 163 
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cerium exhibited also reflections of a CeO2 phase. The XRD patterns of the Mg-Al-O precursor gels 164 
calcined at the same temperature are given in Fig. 4. Apparently, in comparison with the MMO 165 
obtained from LDHs prepared by co-precipitation method, the MMO from the sol-gel precursors 166 
have formed with higher crystallinity despite of no LDH phase formed during the sol-gel 167 
processing. In order to complete crystallization and obtain the material suitable for a quantitative 168 
XRD phase analysis (Salak et al., 2013; Carneiro et al., 2015) the formed MMO were heat-treated at 169 
higher temperature, namely at 1000°C for 6 h. Fig. 3 and Fig. 4 demonstrate the XRD patterns of 170 
the resulting products. It is seen that along with the diffraction reflections from MgO and CeO2, the 171 
peaks attributed to the cubic spinel MgAl2O4 phase are present. The Mg/(Al+Ce) molar ratios were 172 
estimated from the Rietveld analysis of the XRD data to be 3.22±0.15 and 2.92±0.11 for the MMO 173 
obtained from LDHs prepared by co-precipitation method and for the MMO from the sol-gel 174 
derived powders, respectively.   175 
The ability of MMO to (re)form the LDH structure in water or water solutions was tested. The 176 
XRD patterns of the LDH samples formed as a result of hydration of the MMO obtained via co-177 
precipitation and sol-gel methods are shown in Fig. 5 and 6, respectively.  178 
The XRD patterns of the Mg/Al samples (cerium free) synthesized by co-precipitation, calcined 179 
and then immersed in water (Fig. 5) indicate a complete transformation of mixed-metal oxides into 180 
an LDH phase. Thus, the reconstruction of layered structure of LDH initially prepared by co-181 
precipitation method occurs in water. The calcined LDHs with a non-zero cerium content 182 
demonstrate, however, a less complete regeneration: reflections of the CeO2 phase are observed in 183 
the respective XRD patterns. Besides, it is clearly seen that the considerable amount of the 184 
amorphous part of the MMO product which contribute to a very broad peak of the XRD background 185 
remains uncrystallised.  186 
The samples obtained by rehydration of the sol-gel derived samples show the typical LDH 187 
structure (Fig. 6), although no traces of an LDH phase has been detected at any stage of the sol-gel 188 
processing. Heat treatment of the sol-gels resulted in high crystalline MMO powders, which were 189 
hydroxylated in aqueous media providing well-crystallized LDH phase. According to the XRD 190 
patterns presented in Fig. 6, the mixed-metal oxides transformed fully to layered double hydroxides. 191 
Interestingly, the formation of LDH from the sol-gel derived powders does not depend on the Ce 192 
concentration in the samples. The XRD patterns of the reconstructed (hydroxylated) MMO powders 193 
demonstrate the sharp diffraction lines associated with an LDH crystalline phase only. No other 194 
crystalline phases have been detected. The (110) reflections of the LDHs are regularly shifted to a 195 
lower 2θ range as the cerium content is increased. Actually, the term “reconstruction” we use is not 196 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
7 
 
fully correct in the case of LDHs obtained from the sol-gel derived samples. In fact, this is a novel 197 
synthesis approach for the fabrication of LDHs, which is based on an aqueous sol-gel processing 198 
route.  199 
The basal spacing (which are the distance between the adjacent hydroxide layers) and the lattice 200 
parameters of the LDH samples prepared by two different methods are listed in Table 1. The lattice 201 
parameter a reflects an average cation-cation distance and can be calculated as a = 2d(110) from the 202 
interplanar distance corresponded to the (110) reflections in the brucite-like layers. Parameter a is a 203 
function of both size and ratio of cations M2+ and M3+. Parameter c depends mainly on size, charge 204 
and orientation of the intercalated species: anions and water molecules (Salak et al, 2014). In order 205 
to minimize the experimental error caused by the 2θ scale shift, c-parameter is usually calculated 206 
using the interplanar distances of at least two basal reflections: typically, (003) and (006), as c = 3/2 207 
[d(003) + 2d(006)]. The obtained crystallographic data (Table 1) suggest that the observed variation in 208 
the lattice parameters of the Mg/Al/Ce LDHs are caused by substitution of aluminium by cerium in 209 
the host layers.   210 
Because of the relatively large ionic radius of Ce3+ (1.01 Å), substitution of Al3+ (0.53 Å) by 211 
Ce3+ is expected to lead to an expansion of the cation-cation distance in the brucite-like layers 212 
(Shannon, 1976). Therefore, as a result of the aluminium-to-cerium substitution, the a-parameter 213 
grows. Besides, the c-parameter increases as well, since because of such a substitution the layers 214 
become thicker. The effect of increase of both lattice parameters induced by this isovalent Al-to-Ce 215 
substitution is qualitatively the same as that in the case of an increase of the Mg/Al cation ratio 216 
since Mg2+ is bigger than Al3+. Dependences of lattice parameters of the carbonate-intercalated 217 
Mg/Al LDHs on the Mg/Al ratio have been reported (Newman and Jones 2001). It has been shown 218 
that when the ratio is increased from 1:1 to 3.5:1, the lattice parameters grow from about 3.02 to 219 
3.07 Å (a-parameter) and from about 22.6 to 23.7 Å (c-parameter). In this work, the Mg/Al/Ce 220 
LDHs prepared by co-precipitation were most likely intercalated with CO3
2-, as the synthesis was 221 
conducted in a NaHCO3 solution (see Experimental). As regards of the Mg/Al/Ce layered double 222 
hydroxides formed via hydroxylation of the sol-gel derived MMO, these LDHs can be intercalated 223 
with OH- and CO3
2-, because the water used for the rehydration procedure was not specially 224 
decarbonized. Indeed, the presence of carbonate in the LDH samples prepared using either co-225 
precipitation or via sol-gel method was confirmed by FT-IR study. A spectral band at about 1360 226 
cm-1 associated with n'3 vibration of CO3
2- was detected in the samples regardless of the preparation 227 
method used (Fig. S1 in Supplementary Material). At the same time, the presence of intercalated 228 
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OH- cannot be unambiguously confirmed nor discarded by FT-IR, since one can hardly distinguish 229 
between the intercalated hydroxyl groups and those in the brucite-like layers.  230 
In terms of the most compact (flat-laying) orientation, the anions OH- and CO3
2- give the same 231 
height of the interlayer gallery, which is equal to the double van der Waals radius of oxygen (Salak 232 
et al., 2014). Therefore, the values reported by Newman and Jones can be used as references for our 233 
LDHs. It is seen from Table 1 that the obtained lattice parameters of the Ce-substituted Mg3Al 234 
LDHs are above the aforementioned ranges. The obtained values of both a- and c-parameters 235 
cannot be associated with any deviation in the Mg/Al ratio and certainly indicate the gradual 236 
substitution of aluminium by cerium in the brucite-like layers. 237 
The Al-to-Ce isomorphic substitution rate in the obtained Mg/Al/Ce LDHs was estimated 238 
using the expression based on that proposed by Richardson (Richardson, 2012) for case of 239 
substitution by two different trivalent cations:  240 
2
2 3 3
( )
1
sin( )[ ( ) (1 ) ( ) ( )]
2 2
LDH Mg OHa a r Mg x r Al xr Ce
a + + +
= - - - -  241 
Values of the parameter a for Mg(OH)2 and the angle α were taken from the paper by Brindley and 242 
Kao (Brindley and Kao, 1984) and the Shannon’s ionic radii (Shannon, 1976) were used. The 243 
calculated a-parameter value for the ideal Mg/Al/Ce 10 mol.% LDH (3.089 Å) was compared with 244 
the experimentally obtained values. It was found that the real amount of cerium that substituted 245 
aluminium in the Mg/Al/Ce 10 mol.% LDHs is about 8 and 6 mol.% for the samples prepared by 246 
co-precipitation and through sol-gel, respectively.  247 
Based on the obtained results, the methods of fabrication of the Mg/Al/Ce LDH applied in this 248 
work can be compared. As seen from Fig. 1 and Fig. 6, both the co-precipitation method and the 249 
sol-gel method provide a gradual Al-to-Ce substitution, although some amount of Ce does not 250 
incorporate into the LDH layers and crystallize as cerium oxide. It follows from a comparison of the 251 
lattice parameters of LDHs of the same nominal composition but prepared by different methods that 252 
when the nominal composition is 5-10 mol.% of Ce, the sol-gel method of the LDH preparation 253 
provides higher substitution rates. At the same time, in the case of small-rate substitutions, both 254 
methods give similar results. Our idea was the following: if we prove that at least 5 mol.% of Al can 255 
be substituted by Ce, it guarantees that smaller-rate substitutions are successful a fortiori. In the 256 
study of the luminescence properties, where LDHs with the small substitution rates (1 mol.% and 257 
less) were used, we considered the LDHs of the same nominal composition but prepared by 258 
different methods as chemically equal.  259 
The results of the thermogravimetric analysis of the LDHs synthesised by two different methods 260 
are shown in Figs. 7 and 8. The initial mass loss was observed in the temperature ranges of 30-261 
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150°C (~18%) and 30-200°C (~17%) for the Mg/Al/Ce 10 mol% LDH prepared by co-precipitation 262 
and sol-gel methods, respectively. Some decrease in mass occurs even below 100oC because of 263 
evolution of the adsorbed water. (Tang et al., 2002). The main decomposition of Mg/Al/Ce 10 264 
mol% sample prepared by co-precipitation method occurs via two steps in the temperature ranges of 265 
290-350oC and 350-600oC. These thermal behaviours result from the loss of the coordinated water 266 
and the intercalated anions (in the lower temperature range) and dehydroxylation of the layers 267 
followed by collapse of the layered structure (in the higher temperature range). However, the main 268 
decomposition of Mg/Al/Ce 10 mol% sample prepared by sol-gel method occurs in one step by 269 
monotonic weight decrease in the temperature range of 200-600oC.  270 
The luminescent properties of the obtained LDHs were also investigated. The luminescence 271 
wavelengths of Ce3+ ions change widely from near UV to the red range depending on the nature of 272 
the host lattices (Kompe et al., 2003; Li et al., 2003). The emission spectra of Mg/Al/Ce samples 273 
fabricated by co-precipitation method is shown in Fig. 9. All powders were excited at 340 nm for 274 
taking the emission spectra. The major emission lines are peaked at ~370-390 nm. The broad bands 275 
are attributed to [Xe]5d1-[Xe]5f1 transition of Ce3+ ions (Katelnikovas et al., 2010). Surprisingly, 276 
the highest intensity of 5D0 → 
7F2 transition was observed for Mg/Al/Ce 0.05 mol%
 specimen. It 277 
turned out that emission intensity decreases with increasing concentration of Ce3+ up to 1 mol%. 278 
The emission maximum was also slightly shifted towards a red spectral region when more Ce3+ was 279 
introduced into the host lattice. This is in a good agreement with the results obtained in the Ce3+- 280 
doped garnet-type phosphors. In the emission spectra of the sol-gel derived Mg/Al/Ce samples (Fig. 281 
10), the bands are broader and more intensive. Moreover, the maximum of the emission of the 282 
LDHs synthesized using sol-gel technique is red shifted (390-430 nm) in comparison with the LDH 283 
phosphors prepared by co-precipitation method. Fig. 9 also shows the emission spectra of the 284 
Mg/Al/Ce LDHs synthesized by co-precipitation method, calcined and then reconstructed. It is 285 
interesting to note the light output is much stronger in the reconstructed cerium-doped LDHs. 286 
Moreover, the red-shift of the emission maximum of the reconstructed Mg/Al/Ce sample is also 287 
evident. On the other hand, the highest intensity of 5D0 → 
7F2 transition still is determined for 288 
Mg/Al/Ce 0.05 mol% specimen. With further increasing cerium content up to 1% the concentration 289 
quenching was observed (Devaraju et al., 2009). 290 
   The morphology of the synthesized Mg/Al and Mg/Al/Ce samples was examined using scanning 291 
electron microscopy. The characteristic feature of synthesized LDH should be formation of plate-292 
like particles with hexagonal shape (Costa et al., 2008; Xu et al., 2010). The rehydration results in 293 
(re)generation of the metal hydroxide sheets and the plate-like geometry of the primary particles. 294 
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The SEM micrographs represent the cerium-free Mg/Al LDH powders synthesized by co-295 
precipitation method (Fig. 11). The typical LDH microstructure is evident from this SEM 296 
micrograph. The surface is composed of the agglomerated small plate-like particles of 50-100 nm in 297 
diameter. After calcination of Mg/Al LDH at 650oC, the network of spherical nanoparticles (50 to 298 
100 nm) have formed. Rehydration of these nanopowders results in formation of plate-like particles 299 
with hexagonal shape (Fig. 11c). However, after such a reconstruction, the average particle size of 300 
the LDHs increases to ~100-150 nm. The surface morphology of the Ce3+-substituted samples is 301 
very similar for all the specimens independent of the substitution rate. The representative SEM 302 
micrographs (Fig. 12) of the Mg/Al/Ce 1 mol% sample synthesized by co-precipitation method, 303 
calcined and then reconstructed show small fibrous plate-like particles that are aggregated as in the 304 
case of a cerium-free LDH sample. The SEM micrographs of the Mg/Al/Ce 1 mol% and Mg/Al/Ce 305 
10 mol% LDHs fabricated by sol-gel method followed by hydration are shown in Fig. 12. It is seen 306 
that the sol-gel derived Mg/Al/Ce LDHs consist of the larger hexagonally shaped particles varying 307 
in size from approximately 150 to 200 nm. The good connectivity between the grains is also 308 
observed. These nanograins show tendency to form larger agglomerates. On the whole, 309 
nanocrystalline nature of powders with the narrow size distribution of crystallites is observed for all 310 
the obtained LDH samples. 311 
The luminescence properties are expected to depend on the closest coordination of Ce in the 312 
layer and hardly on the interlayer distance. The main difference between the LDHs prepared using 313 
either co-precipitation method or sol-gel-method is in size and regularity of the crystallites. It is 314 
known that the LDH crystallites obtained as a result of (re)hydration of the calcined powders are 315 
more irregular than those obtained by co-precipitation. Therefore we consider that the observed 316 
differences in the luminescence properties are caused by differences in morphology of the LDHs.  317 
 318 
4. Conclusions 319 
The Mg/Al layered double hydroxides (LDHs) were successfully synthesized by co-precipitation 320 
method and using sol-gel preparation technique. To the best our knowledge the latter was 321 
successfully applied for production of LDHs for the first time. In this novel aqueous sol-gel 322 
processing route, the LDHs were obtained as a result of decomposition (calcination) of the 323 
precursor gels at 650oC followed by rehydration of the intermediate crystalline MMO powders in 324 
water. The same synthesis methods were successfully applied for production of cerium-substituted 325 
LDHs (Mg/Al/Ce) with the substitution rate from 0.05 to 10 mol%. It was found that in case of the 326 
Mg/Al/Ce LDHs prepared by co-precipitation followed by calcination, the regeneration rate 327 
c) 
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decreases with increase of cerium content, while the conversion of the rehydrated sol-gel derived 328 
MMO into LDH does not depend on the concentration of cerium and is close to 100%. The 329 
proposed sol-gel synthesis route for LDHs has some benefits over conventional method such as 330 
simplicity, high homogeneity of the end products, effectiveness, suitability to study substitution 331 
effects for different multinary metal systems and cost efficiency.  332 
The luminescent properties of the obtained LDHs were also investigated. The major emission 333 
lines attributed to the [Xe]5d1-[Xe]5f1 transition of Ce3+ ions were peaked at ~370-390 nm and 390-334 
430 nm for the Mg/Al/Ce samples fabricated by co-precipitation and by sol-gel methods, 335 
respectively. The emission bands were broader, more intensive and red-shifted in the case of the 336 
sol-gel derived LDHs.  337 
The typical LDH microstructure was observed in all the obtained samples. The surfaces of the 338 
LDHs prepared by co-precipitation were composed of agglomerated small plate-like particles of 50-339 
100 nm in diameter. After calcination followed by reconstruction (rehydration), the particle size of 340 
obtained LDH was observed to increase to 100-150 nm. Even larger particles formed in case of the 341 
LDHs prepared by hydration from the sol-gel derived MMO powders.  342 
Luminescence properties of cerium doped LDHs were found to depend on the morphology of the 343 
host lattice. The observed compositional behaviours of lattice parameters and the luminescence 344 
characteristics indicate the successful isomorphic incorporation of Ce3+ into the brucite-like layers 345 
of the Mg3Al1-xCex LDHs at least when x≤0.01. 346 
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Abstract  15 
Mg/Al/Ce layered double hydroxides (LDHs) intercalated with carbonate and hydroxide anions 16 
were synthesized using co-precipitation and sol-gel method. The obtained materials were 17 
characterized by thermogravimetric (TG) analysis, X-ray diffraction (XRD) analysis, fluorescence 18 
spectroscopy (FLS) and scanning electron microscopy (SEM). The chemical composition, 19 
microstructure and luminescent properties of these LDHs were investigated and discussed. The Ce3+ 20 
substitution effects were investigated in the Mg3Al1-xCex LDHs by changing the Ce
3+ concentration 21 
in the metal cation layers from 0.05 to 10 mol%. It was demonstrated, that luminescence properties 22 
of cerium-substituted LDHs depend on the morphological features of the host lattice. 23 
 24 
Keywords: Layered double hydroxides; co-precipitation, sol-gel processing; cerium substitution 25 
effects; luminescent properties  26 
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1. Introduction 33 
Layered double hydroxides (LDHs) are compounds composed of positively charged brucite-like 34 
layers with an interlayer gallery containing charge compensating anions and water molecules. The 35 
metal cations occupy the centres of shared oxygen octahedra whose vertices contain hydroxide ions 36 
that connect to form infinite two-dimensional sheets (Jayaraj et al., 1999; Klemkaite et al., 2011; Bi 37 
et al., 2014; Wu et al., 2016). A general chemical formula of an LDH can be expressed as [M2+1-38 
xM
3+
x(OH)2]
x+(Ay-)x/y·zH2O, where M
2+ and M3+ are divalent and trivalent metal cations and Ay− is 39 
an intercalated anion which compensates the positive charge created by the partial substitution of 40 
M2+ by M3+ in a brucite-type M2+(OH)2 hydroxide. The anions in the interlayer are not strictly 41 
limited to their nature. LDHs with many different anionic species have been reported: both 42 
inorganic anions (carbonate, chloride, nitrate, sulphate, molybdate, phosphate etc.) and organic 43 
anions (terephthalate, acrylate, lactate, etc.) (Miyata et al., 1983; Newman and Jones, 1998; 44 
Jaubertie et al., 2006; Klemkaite-Ramanauske et al., 2014; Kuwahara et al., 2016). The commonly 45 
found cations are Mg2+, Zn2+, Co2+, Ni2+, Cu2+ or Mn2+ as divalent cations and Al3+, Cr3+, Co3+, 46 
Fe3+, V3+, Y3+ or Mn3+ among the trivalent ones. 47 
After calcination at temperatures from 300 to 600°C, an LDH is converted to the mixed metal 48 
oxides (MMO) with high specific surface area and basic properties. An ability of MMO to recover 49 
the original layered structure is a property known as „memory effect” (Rives et al., 2001; Klemkaite 50 
et al., 2011; Cosano et al., 2016). When MMO is immersed into an aqueous solution which contains 51 
some anions, the layered structure can be recovered with those anions intercalated into the 52 
interlayer. A more irregular structure of agglomerated flake-like platelets or amorphous phase have 53 
been observed after such a reconstruction (Alvarez et al., 2013; Mascolo, 2015).  54 
LDHs have a well-defined layered structure within nanometre scale (0.3-3 nm) interlayer and 55 
contain important functional groups in both the metal hydroxide layers and interlayers. LDHs are 56 
widely used in commercial products as adsorbents, catalyst support precursors, anion exchangers, 57 
acid residue scavengers, flame retardants, osmosis membranes, sensors (Salak et al., 2012; Carneiro 58 
et al., 2015; Li et al., 2016; Lu et al., 2016; Serdechnova et al., 2016). The formation and 59 
exploitation of new types of layered double hydroxide (LDH)/polymer NC hydrogels with high 60 
performance has been also investigated (Hu and Chen, 2014). Moreover, the LDHs have an HCl 61 
absorption capacity, and may be used as PVC thermal stabilizer (Liu et al., 2008). Recently, 62 
considerable attention has been focused on incorporating rare earth elements into LDH host layers 63 
to develop new functional materials, which resemble designed optical properties (Binnemans, 64 
2009). LDHs doped with Tb3+ ions in the brucite-like layers were prepared by a simple one-step co-65 
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precipitation method. When 4-biphenylacetate anions were intercalated in the interlayer space, a big 66 
amount of Tb3+ up to about 19 wt.% was incorporated in the oxygen octahedral layers of the LDH. 67 
The luminescence study indicated that energy transfer from the excited state of the intercalated 68 
anion guest molecules to Tb3+ centres in the host layers takes place (Gunawan and Xu, 2009). The 69 
samples (both as-prepared and calcined) containing Tb3+ exhibited green fluorescence (William et 70 
al., 2006). Nanosize LDHs doped with Eu3+, Yb3+, Tb3+ and Nd3+ were prepared through the 71 
microemulsion method (Posati et al., 2012, Vicente et al., 2016). It was concluded that the 72 
lanthanide content in the LDH samples depends on the ionic radius of the lanthanide cation and on 73 
fabrication conditions. Eu3+ and Nd3+ were incorporated also into hydrocalumite and mayenite 74 
(Domínguez, 2011). The Zn/Al/Eu LDHs were reported as perspective and efficient luminescent 75 
materials (Zhang et al., 2014; Gao et al., 2014).  76 
Rare earth doped luminescent materials have drawn increasing attention as potential phosphor 77 
materials for use in optical devices (Maqbool et al., 2006; Maqbool et al., 2007; Stanulis et al., 78 
2014; Zabiliute et al., 2014; Skaudzius et al., 2016). The rare-earth metal ions offer the possibility 79 
of obtaining blue, green and red colours, which are necessary for RGB devices (Okamoto et al., 80 
1988; Katelnikovas et al., 2012). The organic-inorganic hybrid phosphors have been designed and 81 
assembled by the intercalation of salicylic acid, as sensitizer, into the layered lanthanide hydroxides 82 
with the compositions of Gd/Tb/Eu/OH/NO3/H2O through ion-exchange reaction under 83 
hydrothermal condition (Liu et al., 2013). The luminescence colour of a rare-earth doped LDH can 84 
be easily tuned from green to red due to the energy transfer from the Tb3+ to Eu3+ ions by changing 85 
the doping concentration of the activator ions. Luminescent ordered multilayer transparent ultrathin 86 
films based on inorganic rare earth elements doped layered double hydroxides Mg/Al/Eu 87 
nanosheets and organic ligand were recently fabricated via layer-by-layer assembly method (Zhang 88 
et al., 2016).   89 
Vargas et al., 2013, has reported a doping of the layers of a Zn/Al LDH with Dy3+ ions. 90 
Photoluminescence spectra of the nitrate intercalated LDH showed a wide emission band with 91 
strong intensity in the yellow region (around 574 nm), originated from symmetry distortion of the 92 
octahedral coordination in dysprosium centres. The emission spectra of Ce-doped different 93 
inorganic matrixes are often characterized by a broad emission band with quite symmetric 94 
photoluminescence peak at around 530 nm, which is assigned to the 5d1 (2A1g) → 4f
1 (2F5/2 and 95 
2F7/2) transitions of Ce
3+ (Katelnikovas et al., 2007; Katelnikovas et al., 2008; Katelnikovas et al., 96 
2011; Misevicius et al., 2012; Katelnikovas et al., 2013). Cerium-doped hydrotalcite-like precursors 97 
were recently synthesized by co-precipitation method (Tamboli et al., 2015). However, these 98 
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compounds were studied only as efficient catalysts for hydrogen production. In this work, the LDHs 99 
with the metal cation composition of Mg3Al1-xCex (with the Ce
3+ substitution rate from 0.05 to 10 100 
mol%) were synthesized using co-precipitation and sol-gel method. The main aim of this study was 101 
to investigate an effect of Ce3+ substitution on crystal structure of the obtained layered double 102 
hydroxides and estimate the maximal cerium-to-aluminium substitution rage. The luminescent 103 
properties of the Mg3Al1-xCex LDH samples were also investigated in this study for the first time to 104 
the best our knowledge. 105 
 106 
2. Experimental 107 
2.1. Synthesis by co-precipitation method 108 
LDH samples were synthesized by adding a mixture of Mg(NO3)2
.6H2O and Al(NO3)3
.9H2O 109 
(with molar ratio of 3:1) drop by drop to the solution of NaHCO3 (1.5 M). pH of the resulting 110 
solution was measured and kept at 8-9 using NaOH (2 M) under continuous stirring. To separate the 111 
slurry from the solution, the mixture was centrifuged at 3000 rpm for 2 min. The precipitated LDH 112 
was washed with distilled water and centrifuged again. Process was repeated three or four times 113 
depending on the sample. The formed LDH was dried at 75-80°C for 12 h. The mixed-metal oxide 114 
(MMO) was achieved by heat treatment at 650°C for 4 h. Synthesis of Mg/Al/Ce compounds was 115 
performed in the same way as Mg/Al LDH, keeping the pH of the solution about 10 during the 116 
synthesis and using Ce(NO3)3·6H2O as cerium source.  117 
2.2. Synthesis by sol-gel method 118 
The Mg/Al and Mg/Al/Ce LDH samples were synthesised from solutions of the same reagents as 119 
those used in the co-precipitation method. The metal nitrates were dissolved in 50 ml of distilled 120 
water, then a 0.2 M citric acid solution was added and the mixture was stirred for 1 h at 80°C. At 121 
the next step, 2 ml of ethylene glycol have been added to the resulted mixture with continues 122 
stirring at 150°C until the complete evaporation of solvent. The obtained gel was dried at 105°C for 123 
24 h. The MMO was obtained by calcination of the gel at 650°C for 4 h.  124 
2.3. Rehydration/Reconstruction 125 
The MMO powders obtained by co-precipitation and sol-gel methods followed by heat treatment 126 
at 650°C were reconstructed in water at 50°C for 6 h under stirring (2 g of the powder per 40 ml of 127 
water). The commercial hydrotalcite PURAL MG63HT powder (Brunsbüttel, Germany) which is 128 
chemically a Mg3Al LDH intercalated with CO3
2- was also analysed for comparison. 129 
2.4. Characterization  130 
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X-ray diffraction (XRD) patterns were recorded using a MiniFlex II diffractometer (Rigaku) in 131 
Cu Kα radiation in the 2θ range from 8 to 80° (step of 0.02°) with the exposition time of 0.4 s per 132 
step. Rietveld analysis of the XRD data was performed using the PANalytical HighScore Plus suite. 133 
Thermal analysis was carried out using a simultaneous thermal analyser 6000 (Perkin-Elmer) in air 134 
atmosphere at scan rate of 10°C/min over the temperature range of 30°C to 900°C. Excitation and 135 
emission spectra were recorded on an Edinburg Instruments FLS 900. Morphology of the LDH 136 
powders was investigated using a scanning electron microscope (SEM) Hitachi SU-70. The Fourier 137 
transform infrared (FT-IR) spectra were recorded using Perkin-Elmer spectrometer from the LDH 138 
samples dispersed in KBr and pressed into pellets. 139 
 140 
3. Results and discussion  141 
The XRD pattern of the Mg/Al LDH synthesized by co-precipitation method was found to be 142 
essentially similar to that of the commercial hydrotalcite PURAL MG63HT. Three basal reflections 143 
typical of an LDH structure were observed: at 2q of about 10° (003), 23° (006) and 35° (009). 144 
Besides, two characteristic LDH peaks were clearly seen at about 60.2° and 61.5° which correspond 145 
to the reflections from the (110) and (113) planes. Evidently, that only amorphous Mg-Al-O gel has 146 
formed during the sol-gel preparation of LDH. 147 
As seen from Fig. 1, increasing amount of cerium results in a monotonic decrease of the intensity 148 
of these diffraction peaks. In addition, the reflections are shifted to a lower 2θ range. The observed 149 
shift of the (110) and (113) reflections certainly suggests incorporation of this lanthanide ion in 150 
metal hydroxide layers of the LDHs prepared by co-precipitation. At the same time, the broad 151 
diffraction peaks that can be attributed to a CeO2 phase are seen in the patterns of the LDHs with a 152 
non-zero Ce content (Fig. 1). Intensities of these peaks slightly increase with increasing the nominal 153 
Ce content indicating that although the Al-to Ce substitution rate grows, the difference between the 154 
nominal and actual rate grows as well.  155 
Thermal treatment of an LDH at elevated temperatures results in loss of interlayer water 156 
molecules, charge-compensating anions and dehydroxylation of brucite-like layers. Mg/Al LDH 157 
decomposes followed by formation of MMO with the a rock-salt like magnesium oxide as the only 158 
crystalline phase (Fig. 2) with Al atoms randomly dispersed throughout the solid, that is often 159 
described as an Mg(Al)O phase (Zhao et al., 2012).  160 
The XRD patterns of the Mg3Al LDHs (including the Ce-substituted ones) fabricated by co-161 
precipitation method and calcined at 650°C are shown in Fig. 3. The formation of poorly crystalline 162 
magnesium oxide is evident in all cases. However, the XRD patterns of the samples containing 163 
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cerium exhibited also reflections of a CeO2 phase. The XRD patterns of the Mg-Al-O precursor gels 164 
calcined at the same temperature are given in Fig. 4. Apparently, in comparison with the MMO 165 
obtained from LDHs prepared by co-precipitation method, the MMO from the sol-gel precursors 166 
have formed with higher crystallinity despite of no LDH phase formed during the sol-gel 167 
processing. In order to complete crystallization and obtain the material suitable for a quantitative 168 
XRD phase analysis (Salak et al., 2013; Carneiro et al., 2015) the formed MMO were heat-treated at 169 
higher temperature, namely at 1000°C for 6 h. Fig. 3 and Fig. 4 demonstrate the XRD patterns of 170 
the resulting products. It is seen that along with the diffraction reflections from MgO and CeO2, the 171 
peaks attributed to the cubic spinel MgAl2O4 phase are present. The Mg/(Al+Ce) molar ratios were 172 
estimated from the Rietveld analysis of the XRD data to be 3.22±0.15 and 2.92±0.11 for the MMO 173 
obtained from LDHs prepared by co-precipitation method and for the MMO from the sol-gel 174 
derived powders, respectively.   175 
The ability of MMO to (re)form the LDH structure in water or water solutions was tested. The 176 
XRD patterns of the LDH samples formed as a result of hydration of the MMO obtained via co-177 
precipitation and sol-gel methods are shown in Fig. 5 and 6, respectively.  178 
The XRD patterns of the Mg/Al samples (cerium free) synthesized by co-precipitation, calcined 179 
and then immersed in water (Fig. 5) indicate a complete transformation of mixed-metal oxides into 180 
an LDH phase. Thus, the reconstruction of layered structure of LDH initially prepared by co-181 
precipitation method occurs in water. The calcined LDHs with a non-zero cerium content 182 
demonstrate, however, a less complete regeneration: reflections of the CeO2 phase are observed in 183 
the respective XRD patterns. Besides, it is clearly seen that the considerable amount of the 184 
amorphous part of the MMO product which contribute to a very broad peak of the XRD background 185 
remains uncrystallised.  186 
The samples obtained by rehydration of the sol-gel derived samples show the typical LDH 187 
structure (Fig. 6), although no traces of an LDH phase has been detected at any stage of the sol-gel 188 
processing. Heat treatment of the sol-gels resulted in high crystalline MMO powders, which were 189 
hydroxylated in aqueous media providing well-crystallized LDH phase. According to the XRD 190 
patterns presented in Fig. 6, the mixed-metal oxides transformed fully to layered double hydroxides. 191 
Interestingly, the formation of LDH from the sol-gel derived powders does not depend on the Ce 192 
concentration in the samples. The XRD patterns of the reconstructed (hydroxylated) MMO powders 193 
demonstrate the sharp diffraction lines associated with an LDH crystalline phase only. No other 194 
crystalline phases have been detected. The (110) reflections of the LDHs are regularly shifted to a 195 
lower 2θ range as the cerium content is increased. Actually, the term “reconstruction” we use is not 196 
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fully correct in the case of LDHs obtained from the sol-gel derived samples. In fact, this is a novel 197 
synthesis approach for the fabrication of LDHs, which is based on an aqueous sol-gel processing 198 
route.  199 
The basal spacing (which are the distance between the adjacent hydroxide layers) and the lattice 200 
parameters of the LDH samples prepared by two different methods are listed in Table 1. The lattice 201 
parameter a reflects an average cation-cation distance and can be calculated as a = 2d(110) from the 202 
interplanar distance corresponded to the (110) reflections in the brucite-like layers. Parameter a is a 203 
function of both size and ratio of cations M2+ and M3+. Parameter c depends mainly on size, charge 204 
and orientation of the intercalated species: anions and water molecules (Salak et al, 2014). In order 205 
to minimize the experimental error caused by the 2θ scale shift, c-parameter is usually calculated 206 
using the interplanar distances of at least two basal reflections: typically, (003) and (006), as c = 3/2 207 
[d(003) + 2d(006)]. The obtained crystallographic data (Table 1) suggest that the observed variation in 208 
the lattice parameters of the Mg/Al/Ce LDHs are caused by substitution of aluminium by cerium in 209 
the host layers.   210 
Because of the relatively large ionic radius of Ce3+ (1.01 Å), substitution of Al3+ (0.53 Å) by 211 
Ce3+ is expected to lead to an expansion of the cation-cation distance in the brucite-like layers 212 
(Shannon, 1976). Therefore, as a result of the aluminium-to-cerium substitution, the a-parameter 213 
grows. Besides, the c-parameter increases as well, since because of such a substitution the layers 214 
become thicker. The effect of increase of both lattice parameters induced by this isovalent Al-to-Ce 215 
substitution is qualitatively the same as that in the case of an increase of the Mg/Al cation ratio 216 
since Mg2+ is bigger than Al3+. Dependences of lattice parameters of the carbonate-intercalated 217 
Mg/Al LDHs on the Mg/Al ratio have been reported (Newman and Jones 2001). It has been shown 218 
that when the ratio is increased from 1:1 to 3.5:1, the lattice parameters grow from about 3.02 to 219 
3.07 Å (a-parameter) and from about 22.6 to 23.7 Å (c-parameter). In this work, the Mg/Al/Ce 220 
LDHs prepared by co-precipitation were most likely intercalated with CO3
2-, as the synthesis was 221 
conducted in a NaHCO3 solution (see Experimental). As regards of the Mg/Al/Ce layered double 222 
hydroxides formed via hydroxylation of the sol-gel derived MMO, these LDHs can be intercalated 223 
with OH- and CO3
2-, because the water used for the rehydration procedure was not specially 224 
decarbonized. Indeed, the presence of carbonate in the LDH samples prepared using either co-225 
precipitation or via sol-gel method was confirmed by FT-IR study. A spectral band at about 1360 226 
cm-1 associated with n'3 vibration of CO3
2- was detected in the samples regardless of the preparation 227 
method used (Fig. S1 in Supplementary Material). At the same time, the presence of intercalated 228 
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OH- cannot be unambiguously confirmed nor discarded by FT-IR, since one can hardly distinguish 229 
between the intercalated hydroxyl groups and those in the brucite-like layers.  230 
In terms of the most compact (flat-laying) orientation, the anions OH- and CO3
2- give the same 231 
height of the interlayer gallery, which is equal to the double van der Waals radius of oxygen (Salak 232 
et al., 2014). Therefore, the values reported by Newman and Jones can be used as references for our 233 
LDHs. It is seen from Table 1 that the obtained lattice parameters of the Ce-substituted Mg3Al 234 
LDHs are above the aforementioned ranges. The obtained values of both a- and c-parameters 235 
cannot be associated with any deviation in the Mg/Al ratio and certainly indicate the gradual 236 
substitution of aluminium by cerium in the brucite-like layers. 237 
The Al-to-Ce isomorphic substitution rate in the obtained Mg/Al/Ce LDHs was estimated 238 
using the expression based on that proposed by Richardson (Richardson, 2012) for case of 239 
substitution by two different trivalent cations:  240 
2
2 3 3
( )
1
sin( )[ ( ) (1 ) ( ) ( )]
2 2
LDH Mg OHa a r Mg x r Al xr Ce
a + + +
= - - - -  241 
Values of the parameter a for Mg(OH)2 and the angle α were taken from the paper by Brindley and 242 
Kao (Brindley and Kao, 1984) and the Shannon’s ionic radii (Shannon, 1976) were used. The 243 
calculated a-parameter value for the ideal Mg/Al/Ce 10 mol.% LDH (3.089 Å) was compared with 244 
the experimentally obtained values. It was found that the real amount of cerium that substituted 245 
aluminium in the Mg/Al/Ce 10 mol.% LDHs is about 8 and 6 mol.% for the samples prepared by 246 
co-precipitation and through sol-gel, respectively.  247 
Based on the obtained results, the methods of fabrication of the Mg/Al/Ce LDH applied in this 248 
work can be compared. As seen from Fig. 1 and Fig. 6, both the co-precipitation method and the 249 
sol-gel method provide a gradual Al-to-Ce substitution, although some amount of Ce does not 250 
incorporate into the LDH layers and crystallize as cerium oxide. It follows from a comparison of the 251 
lattice parameters of LDHs of the same nominal composition but prepared by different methods that 252 
when the nominal composition is 5-10 mol.% of Ce, the sol-gel method of the LDH preparation 253 
provides higher substitution rates. At the same time, in the case of small-rate substitutions, both 254 
methods give similar results. Our idea was the following: if we prove that at least 5 mol.% of Al can 255 
be substituted by Ce, it guarantees that smaller-rate substitutions are successful a fortiori. In the 256 
study of the luminescence properties, where LDHs with the small substitution rates (1 mol.% and 257 
less) were used, we considered the LDHs of the same nominal composition but prepared by 258 
different methods as chemically equal.  259 
The results of the thermogravimetric analysis of the LDHs synthesised by two different methods 260 
are shown in Figs. 7 and 8. The initial mass loss was observed in the temperature ranges of 30-261 
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150°C (~18%) and 30-200°C (~17%) for the Mg/Al/Ce 10 mol% LDH prepared by co-precipitation 262 
and sol-gel methods, respectively. Some decrease in mass occurs even below 100oC because of 263 
evolution of the adsorbed water. (Tang et al., 2002). The main decomposition of Mg/Al/Ce 10 264 
mol% sample prepared by co-precipitation method occurs via two steps in the temperature ranges of 265 
290-350oC and 350-600oC. These thermal behaviours result from the loss of the coordinated water 266 
and the intercalated anions (in the lower temperature range) and dehydroxylation of the layers 267 
followed by collapse of the layered structure (in the higher temperature range). However, the main 268 
decomposition of Mg/Al/Ce 10 mol% sample prepared by sol-gel method occurs in one step by 269 
monotonic weight decrease in the temperature range of 200-600oC.  270 
The luminescent properties of the obtained LDHs were also investigated. The luminescence 271 
wavelengths of Ce3+ ions change widely from near UV to the red range depending on the nature of 272 
the host lattices (Kompe et al., 2003; Li et al., 2003). The emission spectra of Mg/Al/Ce samples 273 
fabricated by co-precipitation method is shown in Fig. 9. All powders were excited at 340 nm for 274 
taking the emission spectra. The major emission lines are peaked at ~370-390 nm. The broad bands 275 
are attributed to [Xe]5d1-[Xe]5f1 transition of Ce3+ ions (Katelnikovas et al., 2010). Surprisingly, 276 
the highest intensity of 5D0 → 
7F2 transition was observed for Mg/Al/Ce 0.05 mol%
 specimen. It 277 
turned out that emission intensity decreases with increasing concentration of Ce3+ up to 1 mol%. 278 
The emission maximum was also slightly shifted towards a red spectral region when more Ce3+ was 279 
introduced into the host lattice. This is in a good agreement with the results obtained in the Ce3+- 280 
doped garnet-type phosphors. In the emission spectra of the sol-gel derived Mg/Al/Ce samples (Fig. 281 
10), the bands are broader and more intensive. Moreover, the maximum of the emission of the 282 
LDHs synthesized using sol-gel technique is red shifted (390-430 nm) in comparison with the LDH 283 
phosphors prepared by co-precipitation method. Fig. 9 also shows the emission spectra of the 284 
Mg/Al/Ce LDHs synthesized by co-precipitation method, calcined and then reconstructed. It is 285 
interesting to note the light output is much stronger in the reconstructed cerium-doped LDHs. 286 
Moreover, the red-shift of the emission maximum of the reconstructed Mg/Al/Ce sample is also 287 
evident. On the other hand, the highest intensity of 5D0 → 
7F2 transition still is determined for 288 
Mg/Al/Ce 0.05 mol% specimen. With further increasing cerium content up to 1% the concentration 289 
quenching was observed (Devaraju et al., 2009). 290 
   The morphology of the synthesized Mg/Al and Mg/Al/Ce samples was examined using scanning 291 
electron microscopy. The characteristic feature of synthesized LDH should be formation of plate-292 
like particles with hexagonal shape (Costa et al., 2008; Xu et al., 2010). The rehydration results in 293 
(re)generation of the metal hydroxide sheets and the plate-like geometry of the primary particles. 294 
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The SEM micrographs represent the cerium-free Mg/Al LDH powders synthesized by co-295 
precipitation method (Fig. 11). The typical LDH microstructure is evident from this SEM 296 
micrograph. The surface is composed of the agglomerated small plate-like particles of 50-100 nm in 297 
diameter. After calcination of Mg/Al LDH at 650oC, the network of spherical nanoparticles (50 to 298 
100 nm) have formed. Rehydration of these nanopowders results in formation of plate-like particles 299 
with hexagonal shape (Fig. 11c). However, after such a reconstruction, the average particle size of 300 
the LDHs increases to ~100-150 nm. The surface morphology of the Ce3+-substituted samples is 301 
very similar for all the specimens independent of the substitution rate. The representative SEM 302 
micrographs (Fig. 12) of the Mg/Al/Ce 1 mol% sample synthesized by co-precipitation method, 303 
calcined and then reconstructed show small fibrous plate-like particles that are aggregated as in the 304 
case of a cerium-free LDH sample. The SEM micrographs of the Mg/Al/Ce 1 mol% and Mg/Al/Ce 305 
10 mol% LDHs fabricated by sol-gel method followed by hydration are shown in Fig. 12. It is seen 306 
that the sol-gel derived Mg/Al/Ce LDHs consist of the larger hexagonally shaped particles varying 307 
in size from approximately 150 to 200 nm. The good connectivity between the grains is also 308 
observed. These nanograins show tendency to form larger agglomerates. On the whole, 309 
nanocrystalline nature of powders with the narrow size distribution of crystallites is observed for all 310 
the obtained LDH samples. 311 
The luminescence properties are expected to depend on the closest coordination of Ce in the 312 
layer and hardly on the interlayer distance. The main difference between the LDHs prepared using 313 
either co-precipitation method or sol-gel-method is in size and regularity of the crystallites. It is 314 
known that the LDH crystallites obtained as a result of (re)hydration of the calcined powders are 315 
more irregular than those obtained by co-precipitation. Therefore we consider that the observed 316 
differences in the luminescence properties are caused by differences in morphology of the LDHs.  317 
 318 
4. Conclusions 319 
The Mg/Al layered double hydroxides (LDHs) were successfully synthesized by co-precipitation 320 
method and using sol-gel preparation technique. To the best our knowledge the latter was 321 
successfully applied for production of LDHs for the first time. In this novel aqueous sol-gel 322 
processing route, the LDHs were obtained as a result of decomposition (calcination) of the 323 
precursor gels at 650oC followed by rehydration of the intermediate crystalline MMO powders in 324 
water. The same synthesis methods were successfully applied for production of cerium-substituted 325 
LDHs (Mg/Al/Ce) with the substitution rate from 0.05 to 10 mol%. It was found that in case of the 326 
Mg/Al/Ce LDHs prepared by co-precipitation followed by calcination, the regeneration rate 327 
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decreases with increase of cerium content, while the conversion of the rehydrated sol-gel derived 328 
MMO into LDH does not depend on the concentration of cerium and is close to 100%. The 329 
proposed sol-gel synthesis route for LDHs has some benefits over conventional method such as 330 
simplicity, high homogeneity of the end products, effectiveness, suitability to study substitution 331 
effects for different multinary metal systems and cost efficiency.  332 
The luminescent properties of the obtained LDHs were also investigated. The major emission 333 
lines attributed to the [Xe]5d1-[Xe]5f1 transition of Ce3+ ions were peaked at ~370-390 nm and 390-334 
430 nm for the Mg/Al/Ce samples fabricated by co-precipitation and by sol-gel methods, 335 
respectively. The emission bands were broader, more intensive and red-shifted in the case of the 336 
sol-gel derived LDHs.  337 
The typical LDH microstructure was observed in all the obtained samples. The surfaces of the 338 
LDHs prepared by co-precipitation were composed of agglomerated small plate-like particles of 50-339 
100 nm in diameter. After calcination followed by reconstruction (rehydration), the particle size of 340 
obtained LDH was observed to increase to 100-150 nm. Even larger particles formed in case of the 341 
LDHs prepared by hydration from the sol-gel derived MMO powders.  342 
Luminescence properties of cerium doped LDHs were found to depend on the morphology of the 343 
host lattice. The observed compositional behaviours of lattice parameters and the luminescence 344 
characteristics indicate the successful isomorphic incorporation of Ce3+ into the brucite-like layers 345 
of the Mg3Al1-xCex LDHs at least when x≤0.01. 346 
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Highlights 
· The Mg/Al/Ce layered double hydroxides (LDHs) synthesised using co-precipitation 
and sol-gel preparation technique. 
· The rehydration of sol-gel derived LDH does not depend on the concentration of 
cerium used in the samples as was the case in the co-precipitation approach. 
· The emission bands more intensive and red-shifted for the sol-gel derived specimens. 
· The Mg/Al/Ce solids are homogeneous having small particle size distribution. 
 
 
 
*Highlights (for review)
  
 
Table 1. The basal spacings (d) and lattice parameters (a, c) of Mg/Al LDH and Mg/Al/Ce LDHs 
synthesised by co-precipitation and sol-gel methods. 
 
The cation 
composition 
d(003) (Å) d(006) (Å) d(110) (Å) a (Å) c (Å) 
Co-precipitation method 
Mg/Al 7.9627 3.9482 1.5344 3.067 23.878 
Mg/Al/Ce 5 mol% 7.9463 3.9479 1.5347 3.068 23.828 
Mg/Al/Ce 7.5 mol% 7.9541 3.9510 1.5356 3.070 23.852 
Mg/Al/Ce 10 mol% 7.9634 3.9609 1.5376 3.074 23.880 
Sol-gel method 
Mg/Al 7.9181 3.9300 1.5346 3.068 23.744 
Mg/Al/Ce 5 mol% 7.9476 3.9483 1.5351 3.069 23.832 
Mg/Al/Ce 7.5 mol% 7.9683 3.9499 1.5376 3.074 23.894 
Mg/Al/Ce 10 mol% 8.1418 3.9897 1.5411 3.081 24.415 
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Fig. 1. XRD patterns of the Mg/Al/Ce LDHs synthesized by co-precipitation method: (a) cerium-
free, (b) 5 mol% of Ce, (c) 7.5 mol% of Ce, (d) 10 mol% of Ce. The basal reflection is indicated. 
Inset: the XRD patterns in the range of (110) and (113) diffraction reflections. The crystalline phase 
is marked: · - CeO2 
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Fig. 2. XRD patterns of Mg/Al LDH calcined at 650 °C: (a) commercial Pural MG63HT, (b) 
synthesized by co-precipitation and (c) sol-gel methods. The MgO phase is marked as ♦ 
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Fig. 3. XRD patterns of Mg/Al/Ce LDHs synthesised by co-precipitation method and calcined at 
650°C: (a) 1 mol% of Ce, (b) 5 mol% of Ce, (c) 7.5 mol% of Ce, (d) 10 mol% of Ce. Calcined at 
1000°C: (e) cerium-free; (f) 7.5 mol% of Ce. The crystalline phases are marked: ♦ - MgO; · - CeO2; 
♣ MgAl2O4 
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Fig. 4. XRD patterns of gels Mg/Al/Ce LDHs calcined at 650: (a) 1 mol% of Ce, (b) 5 mol% of Ce, 
(c) 7.5 mol% of Ce, (d) 10 mol% of Ce. Calcined at 1000°C: (e) cerium-free, (f) 7.5 mol% of Ce. 
The crystalline phases are marked: ♦ - MgO; · - CeO2; ♣ MgAl2O4 
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Fig. 5. XRD patterns of Mg/Al/Ce LDHs synthesized by co-precipitation method and reconstructed: 
(a) 1 mol% of Ce, (b) 5 mol% of Ce, (c) 7.5 mol% of Ce, (d) 10 mol% of Ce; •CeO2 
 
Figure
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Fig. 6. XRD patterns of the Mg/Al/Ce LDHs synthesized by sol-gel method using reconstruction 
approach: (a) cerium-free, (b) 5 mol% of Ce, (c) 7.5 mol% of Ce, (d) 10 mol% of Ce. The basal 
reflection is indicated. Inset: the XRD patterns in the range of (110) and (113) diffraction 
reflections. The crystalline phase is marked: • - CeO2 
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Fig. 7. TG-DTG curves recorded for the Mg/Al/Ce 10 mol% LDH sample 
 synthesized by co-precipitation method 
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Fig. 8. TG-DTG curves recorded for the Mg/Al/Ce 10 mol% LDH sample 
 synthesized by sol-gel method 
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Fig. 9. Emission spectra of Mg/Al/Ce LDHs synthesized by co-precipitation  
method and reduced view of reconstruction. 
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Fig. 10. Emission spectra of Mg/Al/Ce LDH synthesized by sol-gel method 
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Fig. 11. SEM micrographs of a) Mg/Al LDH synthesized by co-precipitation method, b) Mg/Al 
LDH calcined at 650 °C and c) reconstructed Mg/Al LDH 
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Fig. 12. SEM micrographs of a) Mg/Al/Ce 1 mol% LDH synthesized by co-precipitation method 
and b) reconstructed Mg/Al/Ce 1 mol% LDH c) Mg/Al/Ce 1 mol% LDH and d) Mg/Al/Ce 10 
mol% LDH synthesized by sol-gel method 
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